Abstract: Over the last few years, advanced knowledge in cranberry field hydrology has lead to substantial increase in production. Much of this progress has come from knowing the relationship between drainage capacity and soil profile properties. However, drainage problems can occur and an appropriate diagnosis remains essential for making recommendations adapted to each soil type. The objectives of this study were to (1) classify soil profiles under cranberry production and (2) identify diagnostic variables related to drainage capacity. To diagnose and classify drainage capacity, profiles were characterized for many physicochemical and hydraulic properties using a cluster analysis. Results indicate that a criterion can be defined and used to assess drainage capacity with respect to a soil classification scheme based on physicochemical and hydraulic properties. The methodology developed in this study provides a framework to identify local drainage problem and solutions based on soil characteristics.
Introduction
The province of Quebec, Canada, is a major producer of cranberry. In 2014, Quebec was the second cranberry producer in the world with 3961 ha in production with a total yield of 109 337 t, generating more than CAN$90 million. Between the period of 1995-2004 and that of 2005-2014 , Cranberry yield in Quebec has increased by 66% (Pelletier et al. 2015b ). This increase is partly due to a better understanding of farm-scale hydrological processes and to improved water management. Nowadays, water management in cranberry production is mostly based on tensiometric data (Bonin 2009; Caron et al. 2016; Pelletier et al. 2013 Pelletier et al. , 2015a Pelletier et al. , 2015b . In Quebec, cranberry fields are often constructed on sites with compact Podzol horizons (Fragipan, Ortstein, and Placic), organic soils, or clay horizons of a gleysol (Raymond et al. 1965; Rompré et al. 1984) . The soils present a strong vertical heterogeneity, which may have a major impact on water dynamic processes, limiting hydrodynamic properties, and low drainage capacity (Raymond et al. 1965; Rompré et al. 1984; Bedard-Haughn 2011; Paul et al. 2011; Sanborn et al. 2011) .
In general, heterogeneous soil profiles may originate from slow natural evolution processes (Sanborn et al. 2011) or from anthropic pressure induced by intensive agricultural activities (Dubois et al. 1990; Frison et al. 2009; Bodner et al. 2013) . The large amount of water used in cranberry production (about 5000 m 3 ha −1 yr −1 (i.e., 500 mm yr −1 ) for irrigation and flooding during harvest and frost protection (Poirier 2010) ) might cause migration of small particles (Phillips 2001) (1-10 μm). This hydroconsolidation process contributes to reducing the soil drainage capacity (McDaniel et al. 2001 ). The construction of a cranberry bed can lead to anthropic layering of soil. During construction, the topsoil is removed and replaced by a layer of sand (10-30 cm). In cranberry fields, Gumiere et al. (2014) observed that soil horizons have very slow drainage, which can hamper the capacity of the soil to maintain an optimum matric potential. This layering process and the development of a restrictive horizon appear to be linked to current drainage and irrigation practices. Clustering soil profiles and identification of key soil properties should provide basic information to develop a methodology to diagnose drainage problems. The objectives of this study were to (1) classify soil profiles found on cranberry farms and (2) identify diagnostic variables related to drainage capacity. To compare soil water dynamics of different soil profiles under cranberry production, we propose a new criterion, based on a matric flux calculation, for both soil drainage capacity and subirrigation potential. The proposed methodology may be used by agronomists and engineers to investigate drainage problems and make design recommendations.
Materials and Methods

Soil sampling and site description
Soil samples were collected from three cranberry farms located in Quebec (Fig. 1) . Two sites (sites 1 and 2) were in Saint-Louis de Blandford (site 1: 46°16′36.9″N, 71°59′01.3″W; site 2: 46°16′51.4″N 72°01′08.1″W) and (site 3) in St-Augustin (48°49′55.2″N, 71°57′09.6″W) in the Lac Saint-Jean region (Fig. 1 ). Soil cores (5 cm length with 10 cm diameter) were taken from each horizon.
The three sites are characterized by a subhumid, temperate, and continental climates with cold winters and hot summers. For sites 1 and 2, the average annual daily maximum and minimum temperatures are 4.7, 10.0, and −0.7°C, respectively, whereas for site 3, they are 2.6, 7.7, and −2.6°C. For sites 1 and 2, mean annual precipitation is 1091 mm (846 mm of rain and 245 cm of snow), whereas for site 3, it is 872 mm (595 mm of rain and 277 cm of snow) (Gouvernement du Canada 2016).
The hydrographic network of sites 1 and 2 is very dense and ramified; it is part of the Bécancour watershed in the Arthabaska County where vegetation consists mainly of hardwood (Laurentian maple, yellow birch, sugar bush, etc.). Widely disturbed by anthropic activities, the forests of the sandy plain, of which sites 1 and 2 are representative, are characterized by large areas of mixed, regenerated forests (gray birch, aspen, red maple, spruce, white birch, balsam fir, etc.). Topographic depressions are associated with poorly drained organic and mineral soils. Small isolated areas of bogs are also found in the lower portion of the plain (Rompré et al. 1984) .
The main geological formation of the plain is the Sillery of the Granby group, which includes interlayered green gray to gray sandstone with slates of red, green, and gray (Rompré et al. 1984) . Across the plain, the sandy material (marine, deltaic, and fluvial) is dominant, with some areas of organic soils. The overall topography is flat or slightly inclined but broken in several places of Aeolian sands with a wavy or undulating surface. Cranberry fields at sites 1 and 2 are mainly built on soils of the Saint-Sophie and Saint-Jude (Humo-Ferric Podzol in Canadian System, Cryorthods or Haplorthods in U.S. Soil Taxonomy, Orthic Podzol in World Reference Base for Soil Resources), Saint-Samuel (Humic Gleysol in Canadian System; Aquolls or Humaquepts in U.S. Soil Taxonomy; Mollic, Umbric, or Calcic Gleysol in World Reference Base for Soil Resources), and Tourbe (muck soil and peat) series (Organic order in Canadian System, Histosols in U.S. Soil Taxonomy, Histosol in World Reference Base for Soil Resources) (Rompré et al. 1984) .
Site 3 is located close to the Peribonka River. The vegetation is mainly composed of aspen, birch, fir, spruce, alder, hazel, cypress, cherry, blueberry, fern, apocyns, ferns eagle, and raspberry. The geological formation is magmatic plutonic rock and metamorphic rock (granite, gneiss of Laurentian formation) covered by sediments belonging to the Paleozoic (quaternary loose deposit) (Raymond et al. 1965) . These sediments form the parent material and are of fluviomarin, marine, lacustromarin, fluviolacustre, deltaic, and eolien origins (Raymond et al. 1965) . The topography varies and may be flat to subflat, slightly domed, hilly with depressions. (Raymond et al. 1965 ).
Particle size distribution
The cumulative mass fraction (M(R)) of particle radius (R (μm)) was fitted with a bimodal lognormal distribution to data obtained with a MASTERSIZER 2000 Laser Particle Size Analyzer (MALVERN Instruments, Worcestershire, UK):
where μ y is the mean and σ y is the standard deviation of ln (R), subscript 2 indicates subdomain 2 of the distribution, and W is a weighting factor for the subcurves, subject to 0 < W < 1.
Soil chemical analysis
The soil chemical properties were measured using standard methods. The pH of the soil solution was measured by the method of Conseil des productions végétales du Québec (1988) . The organic carbon content analysis was obtained by loss on ignition (Abbaspour et al. 1999) . Oxalate-and pyrophosphate-extractable Fe and Al were done using the method of McKeague (1978) , while dithionite-citrate-extractible Fe and Al were done using the method of Ross and Wang (1993) . The extraction of exchangeable bases and the saturation of soil samples by exchangeable ammonium for cationexchange capacity (CEC) measurement were based on the method proposed by McKeague (1978) . For CEC analysis, the dosage of ammonium was done with Nessler's reactive and based on the method of Peech (1945) . The dosage of exchangeable bases, Al, and Fe was done using an atomic absorption spectrophotometer PerkinElmer brand (Waltham, USA) model Analyst 200.
Soil physical analyses and hydraulic properties characterization
Water retention and hydraulic conductivity curves were determined for all soil cores collected at the three study sites using a multistep, outflow experiment performed with a tension table (Dane and Hopmans 2002; Reynolds and Topp 2007) . The water-saturated soil cores were placed over a glass microsphere bed, increasing tension in stepwise manner by lowering a Mariotte bottle hydraulically linked to the table. Samples were covered with a polyethylene sheet to limit surface evaporation. During the process, soil matric potential inside the soil sample was monitored using an electronic tensiometer (sampling at 1 min intervals) while cumulative outflow was determined by weighting the soil samples at predefined times. The pressure head steps and the corresponding times were −10 cm at 0 h, −26 cm at 25 h, −50 cm at 55 h, −75 cm at 145 h, −100 cm at 220 h, and 0 cm at 315 h. With the soil matric potential and the cumulative outflow, the van Genuchten (1980) (Eqs. 2, 3, 4) and the Mualem (1976) (Eq. 5) models were selected and applied using HYDRUS-1D (Šimůnek et al. 2008, 2013) to defined the soil water retention and unsaturated hydraulic conductivity curves by inverse modeling:
where h is a soil matric potential (cm), S e represents the effective water content, K s the saturated hydraulic conductivity (cm h −1 ), θ r and θ s the residual and saturated water contents (cm 3 cm −3 ), respectively, τ a pore tortuosity-connectivity parameter, α the inverse of air entry (cm −1 ), and n and m ( = 1 − 1/n) empirical parameters. To minimize the number of parameters to adjust, model calibration was first performed with only the drainage part (i.e., parameters α, n, K s , and τ). We used bulk density to calculate θ s . After that solution was obtained, the complete multistep outflow experiment results, considering drainage, wetting, and hysteresis (Kool and Parker 1987) , were used to fit α w and K sw , where w stands for wetting branch of the hydraulic curve. Also, we assumed θ sw = θ s = θ m . Matric potential within the core was assumed to vary linearly from top to bottom with the measured value at mid-core depth taken as the initial conditions to be used with HYDRUS-1D.
Simulation of drainage scenarios
To evaluate the response of subsurface drainage to each soil profile, we used HYDRUS-2D version 2.02 (Šimůnek et al. 2008) . Figure 2 illustrates the finite-element mesh domain, including locations of matric potential measurements and boundary conditions. The mesh sizes in the x-and z-directions were 10 and 1 cm, respectively, resulting in 14 241 finite elements and 28 000 nodes. The 2D domain represents a typical transversal transect of a cranberry bed: 1200 cm width and 100 cm depth. Observation nodes for soil matric potential were placed at coordinates x = 700 cm and z = 90 cm (Fig. 2) . Soil properties were set for each characteristic profile. Sometimes a domain had only one soil type, other times two or three soil types could be found. For the initial condition of soil matric potential, we used a linear distribution between the surface and the bottom of the domain, with 0 cm at the top and 100 cm of pressure head at the bottom. This condition represents a complete saturation after a large rainfall, following irrigation for frost control, or after flooding for fruit harvesting in the fall. For all simulations, the atmospheric boundary condition ( Fig. 2 ) was set to a constant surface evaporation rate of 0.00417 cm h −1 (1 mm d −1 ). At the bottom of the domain, a no-flow boundary condition was imposed to represent an impermeable layer (Raymond et al. 1965; Rompré et al. 1984) . The subsurface drains were represented by the nodal drain boundary condition available in HYDRUS (Fipps et al. 1986; Vimoke et al. 1962 ).
Drainage and soil water availability criteria
To compare simulation results, a matric flux potential (Φ (cm 2 h −1 )) was defined as the integral of the hydraulic conductivity function (K(h), cm h −1 ). Two criteria are proposed, one for drainage and another one for subirrigation. The drainage criterion (dc) is based on the targeted matric potential (−3 kPa) in the root zone (10 cm below the soil surface) to be reached within 24 h. It was calculated through integration of soil hydraulic conductivity within the interval −3 to 0 kPa. Hence, the drainage criterion is
The interval of integration in Eq. (6) is based on Pelletier et al. (2015a Pelletier et al. ( , 2016 and Caron et al. (2016) . Based on the work of de Jong van Lier et al. (2009) , the subirrigation criterion (sc) assumes a homogeneous root distribution and uniform macroscopic soil water content. Consequently, it is based on the integration of the soil hydraulic conductivity function within the interval −8 to −3 kPa, which defines the hydric comfort zone for cranberry (Pelletier et al. 2013 (Pelletier et al. , 2015a (Pelletier et al. , 2015b (Pelletier et al. , 2016 Caron et al. 2016) as
In this paper, the subirrigation criterion is introduced to get a first assessment of the potential rate of capillary rise for different types of soil profiles. It also provides a mean to quantify the hysteresis effect characterizing these soil profiles.
Statistical and cluster analyses Soil profile classification and cluster analysis
After analyzing properties of soil profiles, we found out that these soils were very disturbed and may not follow the criteria provided by the commonly used classification systems, i.e., the Canadian system of soil classification (Soil Classification Working Group 1998), the USDA soil taxonomy (Soil Survey Staff 2014) , and the World Reference Base for Soil Resources (WRB) (IUSS Working Group WRB 2014) . Therefore, we proposed a classification based on a cluster analysis of the soil physical, chemical, and hydraulic properties. Following this approach, we identified three soil horizons: (1) the surface horizon, (2) the middle horizon, and (3) the deep horizon. This reference scheme relates to the vertical position of the soil type along with the profile. The identification of each horizon of a soil profile was based on a visual color evaluation and an estimate of the density using the tip of a knife.
We performed an agglomerative, hierarchical, cluster analysis based on the soil samples characterized by physicochemical and hydraulic properties. The procedure, described in Hallema et al. (2015b) , was performed in four steps. At first to avoid a zero value, we added a very small number (1E-100) to each variable. For the tortuosity-connectivity parameter, to avoid negative values, we added exp(1). At the second step, each physicochemical variable (particle size distribution (d10, d50, and d90 are the radii at which 10%, 50%, and 90% of a sample's mass are composed of smaller particles, W, σ 1 , μ 1 , σ 2 , μ 2 ); pH; Corg; CEC; Fe and Al extraction with dithionite, oxalate, and pyrophosphate; exchangeable bases (Ca, Mg, K, Na); the Munsell color code for a saturated soil (Hue, Value, Chroma); and soil hydraulic parameters (θ r , θ s , α d , n, K s , l, α w , K sw )) were logarithmically transformed, centered by subtracting the mean of the log-transformed parameter and subsequently scaled by division of the standard deviation of the log-transformed parameter. This transformation was necessary because the parameters had different ranges and were inherently nonlinear, being skewed in their distributions (Hallema et al. 2015b ). The third step involved, for all soil profile pairs, the calculation of the n × n distance matrix with a measurement of dissimilarity defined as follows: 
where d(i,j) is the Euclidian distance between the ith and jth samples calculated as the square root of the sum of squared differences between i and j for the value x of the normalized soil parameters m through p. Finally, for the fourth step, clustering was performed according to Ward's minimum variance method (Hallema et al. 2015b) , which aims to minimize the within-cluster sum of squared errors (E k ):
where n k soil profiles are assigned to the kth cluster and x mðkÞ is the mean of m in the kth cluster. The cluster analysis started with a total of n clusters equal to the number of soil profiles. Next, the clustering algorithm formed n − 1 clusters that were relatively similar in terms of the physicochemical variables and soil hydraulic properties of each soil profile. At each iteration, clusters were merged based on a minimum increase in E k . Slicing the resulting dendrogram at k c clusters allowed determining the mean values for the physicochemical variables and soil hydraulic properties per cluster. Using the function rpart (Therneau et al. 2010 ) of the R software (R Core Team 2014), a decision tree was performed with all physicochemical properties and values of Φ scd , Φ scw , and Φ dc .
Linear model of the drainage criterion log (Φdc)
Because the soil matrix flux is linked to the soil hydraulic conductivity, we adjusted a linear model to predict the value of Φ dc based on soil hydraulic properties. We used the function lm of the R software (R Core Team 2014): log 10 ðΦ dc Þ = AþðB × log 10 ðαÞÞ þ ðC × log 10 ðK s ÞÞ þ ðD × log 10 ðlog 10 ðnÞÞÞ þ ðE × ðlog 10 ðτ þ expð1ÞÞÞÞ (10) where A, B, C, D, and E are the linear parameters of the model. We applied a logarithmic transformation to linearize the system of equations and we did that twice for n because of an important nonlinearity with log 10 (Φ dc ). Results and Discussion Figures 4 and 5 present photos of each soil profile in their respective soil group. From visual observations, soil types of group 1 have a mineral profile, composed essentially of a sandy soil at the surface horizon topping an organic horizon. The organic soil horizon is the original material of the site. Soil types of group 2 are very uniform, exhibiting no differentiation of horizons and presenting a brown color (10 YR 3/3). The soil types of group 3 are also very uniform. However, they may present some color changes, generally darker, near the root zone (Figs. 4  and 6 ). The soils of groups 4 and 7 have more mottling, mostly caused by iron oxidation. Soils of group 5 display a very uniform gray color (10 YR 4/1). Groups 6, 8, and 9 are characterized by profiles with a succession of horizons, with a very dark color for the surface horizon (I). We observed that soils of these groups are mineral and located at the bottom of an organic horizon of an old bog (A3-T1, A3-T2, A19-T1, A19-T2, K6-SW, D3-T2, D3-T1, B5-T1, B5-T2, M4-TSW). For other soils of these groups, iron oxidation in the root zone seems to have contributed to the development of an orange-brown color. Tables 1 and 2 introduce the chemical properties of all soil profiles and their corresponding classification groups. The soils of group 1 have a horizon with an *Φ dc values in bold do not meet the drainage criterion (−3 kPa in 24 h).
Périard et al. Table 4 . Mean and standard deviation of particle size distribution variables and soil hydraulic parameters of groups 6-9. and aluminum extracted with dithionite, oxalate, and pyrophosphate. Tables 3 and 4 present the particle size distribution and the soil hydraulic parameters of each soil group. The particle size is relatively homogeneous for all soils, but horizons I and III of group 1, and I and III of group 4 have a d50 significantly higher than those of other soils (d50 ≈ 408 μm and 587 μm compared to ≈281 μm on average for the other groups) (Tables 3 and 4) . The porosity is very uniform with a value around 0.4 cm 3 cm −3 (Tables 3  and 4 ). The organic horizon III of group 1 has a significantly higher value of 0.76 cm 3 cm −3 (Table 3) , which is consistent with a compacted organic layer (Hallema et al. 2015a ). The alpha values are higher for soil horizons of group 1 (0.0835 cm −1 ) compared to the range of those of other groups (0.03 to 0.0679 cm −1 ) ( Table 3 ). The n values are very high (8.34) for the soil profiles of group 2 compared to those of the other groups, typically between 1.41 and 4.5 (Tables 3 and 4 ). The soils of group 7 (II = 0.012, III = 0.098) have lower values of saturated hydraulic conductivity compared to those of others which vary between 5.16 and 300 cm h −1 (Tables 3 and 4 ). The reciprocal of air entry of the rewetting retention curve (α w ) is very high for the organic soils (III = 1.47 cm −1 ) of group 1 compared to the general range of 0.01 and 0.63 cm −1 . All horizons of group 8 have a lower saturated hydraulic conductivity for the rewetting curve (I = 1.00E-05, II = 1.00E-06, and III = 1.00E-08 cm h −1 ) compared to those of the other groups that are of the order of 0.01 to 300 cm h −1 . Figure 7 presents the decision tree to determine the soil group according to a few simple criteria. Note the value of Φ scd for horizon II is the first criterion that separates soils into two distinct groups. Then, on one side, the particle size distribution parameter d50 separates soils into two groups, while the other side rather is a criterion based on pyrophosphate-extractible Al. For the rest of the group, distinguishing criteria are based mainly on CEC, pH, Na, K, and dithionite-extractible Fe. This decision tree can be used by agronomists, engineers, scientists, and producers who work in cranberry production. It provides a quick diagnostic of the drainage capacity of a soil based on physicochemical variables and soil hydraulic properties. Figure 8 illustrates the average soil characteristic curves of each soil group under sorption and desorption conditions for horizons I, II, and III. For comparison sake, it also indicates the corresponding depth. For all groups, the soil characteristic curves present a very pronounced hysteresis effect, except for groups 4 and 6 and horizon III of groups 2, 3, and 4. The retention curves for the horizons of group 6 and horizon III of group 2 have an air entry point much larger than other soils, resulting in a high hydraulic conductivity compared to those of the other groups. This larger hydraulic conductivity results in large values for the drainage and subirrigation criteria. In return, this leads to a high potential for optimal water management (Tables 3 and 4) . Horizon II of group 1 and horizon I of group 8 have water contents at saturation much higher than those of other soils, resulting in a larger water retention capacity. Unsaturated hydraulic conductivities at tension values of −3 to −8 kPa are larger than those of other soils for all horizons of group 4, horizons III of groups 2 and 3, and horizons I of groups 6 and 8, giving them larger values for the drainage and subirrigation criteria (Φ dc and Φ sc ) (Tables 3 and 4) .
For all soil profiles and horizons, Fig. 9 shows the relationship between the minimum values of log 10 (Φ dc ) and log 10 of the time to achieve the target value of −3 kPa. The minimum values of log 10 (Φ dc ) were chosen to represent the most restrictive horizon for drainage. From the adjusted equation (solid line in Fig. 9 ), we determined that the optimum values of Φ dc to meet the drainage criterion of reaching −3 kPa in 24 h is 59.26 cm 2 h −1 . The distribution of minimum values of log 10 (Φ dc ) is relatively uniform among all horizons of all Fig. 9 . Relationship between the minimum values of log 10 (Φ dc ) of each horizon of a same profile and the log 10 of the time to achieve the target value of −3 kPa. soil profiles (38.90% for horizon I, 27.77% for horizon II, and 33.33% for horizon III) (Fig. 9) . Based on the Φ dc values (Fig. 9) , 26 of the 36 profiles have horizons with restrictive hydraulic properties (72%). Most of the soil profiles studied show a combination of hydraulic properties that will impede drainage for cranberry production. The soils of groups 1, 5, 7, 8, and 9 do not meet the drainage criterion (Φ dc value less than the drainage criterion of 59.26 cm 2 h −1 (Tables 3 and 4) ). The drainage criterion can help diagnose problems linked to soil properties, compared with more expensive temporal monitoring of soil matric potential and water table level. Furthermore, use of the drainage criterion provides a quick way to identify a horizon with restrictive hydraulic properties. However, both soil clustering and soil water monitoring are required for establishing a sound diagnosis of drainage problems.
The drainage criterion log 10 (Φ dc ) can be predicted from the soil water characteristic parameters (Fig. 10) . The model has a coefficient of determination of 0.997; it shows a negative effect of α and τ and a positive effect of K s and n. This model could be useful for identifying drainage problems with good accuracy, using minimal characterization of soil hydraulic properties (α, n, K s , and τ) of cranberry soil profiles.
Conclusion
The proposed soil clustering consisting of nine soil groups may be used to evaluate the drainage capacity of cranberry fields. Results indicate that the proposed drainage criterion, based on soil hydraulic properties, has all the attributes of a good indicator of potential problems and, therefore, may be used as a diagnostic tool. As far as the subirrigation criterion goes, more work should be done to establish a relationship similar to that for the drainage criterion. Indeed, there is a need to assess the required rate of capillary rise to meet the plant water demand. There is variability among soil profiles of manmade cranberry fields. We found several (72%) soil profiles with a restrictive layer characterized by very small hydraulic conductivity. The anthropic activities have led to the formation of restrictive hydraulic layers in many cranberry fields located in Quebec. It is important to identify the governing mechanisms involved in this anthropically driven soil genesis. Indeed, this knowledge could be used to limit the formation of restrictive hydraulic layers and to increase crop yield and water efficiency. This will be the focus of our future work.
